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ABS TRACT 

A Brayton power system has been operated i n  a vacuum envi ronment 
f o r  584 hours us ing  k ryp ton  as the working gas. This  i n v e s t i g a t i o n  
was t h e  f i r s t  o p e r a t i o n  o f  the complete Brayton power system. With t h e  
exception o f  the heat source and the  heat s i n k  (no r a d i a t o r  was used), 
t h e  engine components represented f'l i g h t - t y p e  hardware. The engine 
produced 9.2 k i l o w a t t s  gross a l t e r n a t o r  power (7.8 kW est imated net 
engine power), a gross engine e f f i c i e n c y  o f  26 percent,  and an est imated 
net engine e f f i c i e n c y  o f  22 percent a t  a t u r b i n e  i n l e t  temperature o f  
1400' F, a compressor dAscharge pressure o f  44 ps ia,  and a compressor 
i n l e t  temperature o f  80 F. 
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BRAYTON BOWER SYSTEM I N  THE SPACE POWER FACILITY USING KRYPTON 

By David B. Fenn, James N. Deyo, 

Thomas J. M i l l e r ,  and Richard W. Vernon 

Lewis Research Center 

SUMMARY 

A Brayton power system has been operated i n  a vacuum envi  ronment 
f o r  584 hours us ing  k ryp ton  as t h e  work ing gas. Th is  i n v e s t i g a t i o n  
was t h e  f i r s t  ope ra t i on  o f  t h e  complete Brayton power system. With t h e  
except ion  o f  t h e  heat source and t h e  heat s i n k  (no r a d i a t o r  was used), 
t h e  engine components represented fl i g h t - t y p e  hardware. The engine 
produced 9.2 k i l o w a t t s  gross a l t e r n a t o r  power (7.8 kW est imated net  
engi ne power) , a gross engine e f f i  c i  ency o f  26 percent ,  and an est imated 
net  engine e f f i c i e n c y  o f  22 percent  a t  a t u r b i n e  i n l e t  temperature o f  
1400' F, a compressor dbscharge pressure o f  44 ps ia ,  and a compressor 
i n l e t  temperature o f  80 F. 

The success o f  space e x p l o r a t i o n  depends i n  l a r g e  measure upon 
the  a v a i l a b i l i t y  o f  e l e c t r i c  power. 
engaged i n  t h e  development o f  var ious  devices t o  produce e l e c t r i c  power 
f r o m  thermal energy. One such dev ice  i s  t h e  Brayton power system which 
operates on t h e  Brayton thermodynamic c y c l e  and uses an i n e r t  gas as  
the  working f l u i d .  The Brayton power system tes ted  was the B t j lpe system 
as descr ibed i n  re fe rence 1 .  Up t o  15 k i l o w a t t s  o f  e l e c t r i c  power i s  
generated by a tu rb ine -d r i ven  a l t e r n a t o r ,  A des ign goal fo r  the  system 
i s  5 years o f  unattended opera t i on  i n  space. Other components o f  t h e  
Brayton power system inc lude  the compressor which i s  a l s o  d r i v e n  by the 
tu rb ine ,  the  recuperator  t o  conserve the  unused thermal energy i n  t h e  
t u r b i n e  exhaust gas, t h e  waste heat  exchanger t o  t r a n s f e r  unused thermal 
energy to  a r a d i a t o r  coo lan t  f l u i d ,  a coo lan t  pump, a heat source, and 
associated engine con t ro l s .  More complete d e s c r i p t i o n s  o f  the  Brayton 
power system may be found i n  the  BRAYTON POWER SYSTEM DESCRlPTDON s e c t i o n  
and i n  re ference 1 .  

The NASA Lewis Research Center i s  

One unique f e a t u r e  o f  the  engine used f o r  the  i n v e s t i g a t i o n  was t h a t  
t h e  tu rb ine ,  a l t e r n a t o r ,  and compressor were mounted on a s i n g l e  s h a f t  
supported e n t i  r e l y  by gas l u b r i c a t e d  bear i  ngs. The bear ings support  t h e  
s h a f t  w i thou t  ex te rna l  p r e s s u r i z a t i o n  except d u r i  ng s t a r t i n g  and shutdown 
operat ions.  The compressor and t u r b i n e  have been tes ted  separate ly .  
Resul ts  o f  t h e  t u r b i n e  i n v e s t i g a t i o n  a r e  repor ted  i n  re ference 2. I n  
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addition, the complete rotating package has completed 1000 hours of 
operation. Performance during the f i r s t  531 hours of this  t e s t  i s  
reported i n  reference 3 .  

The engi ne was designed to use an i sotope heat source i n f 1 i g h t  
applications. The isotope heat source i s  designed to  produce turbine 
inlet  temperatures of 1600' F. 
engine w i l l  produce 7 kilowatts of useful e l e c t r i c  power w i t h  a com- 
pressor ou t le t  pressure of 32 psia. Operation of the engine w i t h  lower 
turbine i n l e t  temperatures i s  a l so  being considered for coupling the 
engine to an existing nuclear reactor. High  compressor out le t  pressures 
would be needed, however, i n  order to reach the desired al ternator  power 
Bevels. For t h e  i n i t i a l  t e s t s  reported here, however, an  e l ec t r i c  heat 
souree was used. 

W i t h  a 25 ki lowatt heat source, the 

On a f l i g h t  application, the waste heat from the engine i s  trans- 
ferred from the gas to a l i q u i d  coolant i n  t h e  waste heat exchanger. 
The coolant is  pumped to  a radiator where t h e  unused thermal power is 
radiated to  space. 1.n the present invest gation, the radiator was simulated 
w i t h  a heat exchanger which was cooled by faci 1 i t y  refrigeration equipment. 

The design working f l u i d  for the eng ne i s  a mixture o f  helium and 
xenon gases w i t h  a molecular weight of 83 8. For the i n i t i a l  t e s t s ,  
krypton (molecular weight 83.8) was used. Although the molecular weight 
o f  krypton i s  the same as the design mixture, the performance of the 
engine would be expected to be lower due t o  the lower thermal conductivity 
of krypton. 

W i t h  the exception o f  the working f l u i d ,  heat source, and  the lack 
of a radietor,  the engine used for th i s  investigation was composed mostly 
of fl ight-type hardware. "Be objective o f  th i s  investigation was to 
measure the performance of the engine over a range of turbine inlet  tem- 
peratures, compressor discharge pressures, cornpressor i nlet temperatures, 
and  to demonstrate that  the engine could be operated i n  a vacuum. Po 
accompl ish these ends the engine was i nstal 1 ed I n the vacuum chamber o f  
the Space Power Facil i ty a t  t h e  Lewis Research Centerls P l u m  Brook S ation. 
This chamber i s  100 feet  i n  diameter and was maintained a t  about lo-' to r r  
throughout most of the testing reported here. 
for 584 hours a t  turbine inlet  temperatures from 1250 to 1450 F, compres- 
sor dischargeopressuges from 25 to 44 psia,  and  compressor i n l e t  tempera- 

The en ine was gperated 8 

tures from 42 t o  95 F. 

BRAYTON POWER SYSTEM DESCR P PT 0 ON 

The Brayton power system operates a s  a closed loop system and is 
shown schematically i n  f igure 1 .  
a power conversion system (referred to as the engine), and a heat 
rejection system. 

The system consists o f  a heat source, 
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R e f e r r i n g  t o  f i g u r e  1 ,  t h e  working gas i s  heated by the heat source 
and expanded through a r a d i a l  i n f l o w  t u r b i n e  which i n  t u r n  d r i v e s  an 
a l t e r n a t o r  and a r a d i a l  o u t f l o w  compressor. A f t e r  l eav ing  t h e  t u r b i n e ,  
the gas flows through a recuperator  where most o f  t he  energy remaining 
i n  t h e  gas i s  t r a n s f e r r e d  t o  preheat the  coo le r  gas f l o w i n g  from t h e  
compressor t o  the source heat exchanger. From the  recuperator,  t he  
p a r t i a l l y  cooled gas passes through a waste heat exchanger where the  
remaining unused heat i s  removed. The c y c l e  i s  completed as t h e  cooled 
gas passes through the r a d i a l  o u t f l o w  compressor, t he  recuperator,  and 
back t o  t h e  heat source. 

Bower Conversion System (Engine) 

The engine cons is t s  o f  the working gas duc t i ng ,  Brayton r o t a t i n g  
u n i t  (BRU) Brayton heat  exchanger (BHXLO) , e l e c t r i c  system, gas manage- 
ment system, p a r t  o f  t h e  heat r e j e c t i o n  system, and associated i n s t r u -  
mentat ion.  F igu re  2 i s  a p i c t u r e  o f  the engine as i n s t a l  led  i n  the  
Space Power F a c i l i t y .  The engine i s  mounted i n  a frame measuring 33- 
by 55- by 90-inches h i g h  o v e r a l l  and represents a f l i g h t - t y p e  c lose-  
coup1 ed assembly of t he  components. 

Ba^ayton r o t a t i n g  u n i t .  - The Brayton r o t a t i n g  u n i t  (BRU) i s  shown 
i n  f i g u r e  3. Bt cons is t s  b a s i c a l l y  o f  a r a d i a l  i n f l o w  t u r b i n e  ( i m p e l l e r  
diameter 4.97-in.) , a fou r -po le  brushless a l t e r n a t o r  ( r o t o r  diameter o f  
3.3-in.),  and a r a d i a l  o u t f l o w  compressor ( i m p e l l e r  diameter o f  4.25-in.). 
A11 t h r e e  components a r e  mounted on a common s h a f t  which i s  supported by 
gas l u b r i c a t e d  j o u r n a l  and t h r u s t  bearings. The BRU was i n s t a l l e d  i n  the 
engine frame w i t h  the s h a f t  v e r t i c a l ,  t u r b i n e  end up. Normal r o t a t i o n a l  
speed o f  t he  s h a f t  i s  36 000 rpm w i t h  the bear ings opera t i ng  i n  a hydro- 
dynamic (se l  f - a c t  ing) mode ? u b r i  cated by the worki ng gas o f  t h e  system. 
Dur ing s t a r t u p  QP shutdown, e x t e r n a l  p r e s s u r i z a t i o n  gas i s  suppl ied by 
the  gas management system t o  the  bear ings t o  prevent bea r ing - to -sha f t  
contact .  

The a1 t e r n a t o r  produces 120 v o l t s  ( 1  i ne- to-neutra l )  , 208 (1  i ne-to- 
l i n e )  e l e c t r i c  power a t  a frequency of  1200 Hertz.  
cool i ng passages a r e  incorporated around t h e  a l  t e r n a t o r  t o  c a r r y  away 
heat generated both by the a l t e r n a t o r  and the tu rb ine .  The BRU has a 
design temperature d i f f e r e n c e  from t u r b i n e  t o  compressor o f  about 1500 F. 

Redundant l i q u i d  

The o v e r a l l  measurements o f  
36-inches 'long. I t  weighs approx 

Bray-exehanqer uni t. 
shown i n  f i g u r e  3 forms an assemb 
and d u c t i n g  requi red t o  couple i t  
heat source. Overa l l  dimensions, 

he BRU a r e  20-inches i n  diameter and 
mately l45-pounds. 

- The Brayton heat exchanger u n i t  (BHXU) 
y o f  t h e  recuperator,  waste heat exchanger, 
t o  the B R U ,  gas management system, and 
less  duc t i ng ,  a r e  20-inches wide and 56- 
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inches long. The u n i t  weighs approximately 440-pounds. The u n i t  i s  
designed t o  opera te  w i t h  a temperature d i f f e r e n c e  o f  approximately 1150 F. 

The recuperator  core  operates as a gas-to-gas counter f low heat  
exchanger. P la te -  and f i n - s u r f a c e  sandwiches a r e  used f o r  both gas f lows 
and furnace-brazed i n t o  a one p iece  core assembly. Core dimensions a r e  
8.5- by 20- by 20-inches. 

The waste heat exchanger i s  const ructed as a g a s - t o - l i q u i d  cross- 
counter f low u n i t  w i t h  redundant passages on t h e  l i q u i d  s ide.  There a r e  
8 l i q u i d  passes back and f o r t h  across each gas f l o w  passage. Const ruc t ion  
i s  s imi  l a r  t o  t h e  recuperator  co re  us ing  p l a t e -  and f i  n-sandwi ches brazed 
i n t o  a one p iece  core  f o r  both t h e  gas and 1 i q u i d  s ides. Because o f  t h e  
redundant l i q u i d  passages, sandwiches a r e  stacked as a c t i v e  1 i q u i d ,  gas; 
i n a c t i v e  l i q u i d ,  gas; e tc .  Overa l l  core  s i z e  i s  6.5- by 16- by 20-inches. 

The cores a r e  assembled i n t o  the  f i n a l  uni  t by weld ing them to  
approp r ia te  t r a n s i t i o n  sect ions,  headers, and ducts. 

Gas management system. - The gas management system (GMS) supp l ies  
working gas f o r  gas i n j e c t i o n  s ta r tups ,  h y d r o s t a t i c  support  o f  the BRU 
gas bear ings, ope ra t i ng  system pressure adjustments,  and gas vent ing.  
The GMS i s  connected to  the engine by a s h o r t  p iece  o f  worki  ng gas d u c t i  ng 
(spool p iece),  A check va lve  i n  the  spool p iece,  which can be remotely 
operated, serves t o  c o n t r o l  t h e  d i r e c t i o n  o f  gas f l ow  d u r i n g  s ta r tup .  
Other components o f  t h e  GMS a r e  a h igh  pressure  (2000 ps ia )  t i t a n i u m  gas 
s to rage b o t t l e ,  pressure regu la to r ,  valves,  f i l t e r s ,  l i n e s ,  and instrumen- 
t a t i o n .  The assembled system i s  shown i n  f i g u r e 4 .  

E l e c t r i c  system. - The e l e c t r i c  c o n t r o l  package prov ides a l t e r n a t o r  
f i e l d  e x c i t a t i o n ,  regu la tes  a l t e r n a t o r  ou tpu t  vo l tage,  c o n t r o l s  BRU speed, 
and d i s t r i b u t e s  a l t e r n a t o r  ou tpu t  power among t h e  u i e r ' s  load bus, para- 
s i t i c  load r e s i s t o r ,  and t h e  dc power supply. The speed c o n t r o l  operates 
t o  sw i tch  t h e  p a r a s i t i c  load r e s i s t o r  across t h e  generator  bus and i s  
designed to regu la te  to a speed which increases w i t h  p a r a s i t i c  load power. 
The measured speed change from near zero p a r a s i t i c  load power t o  6 k i l o -  
wat ts  was 36 000 rpm t o  36 480 rpm. 

The dc power supply conta ins 2 s i  lver-cadmi urn b a t t e r i e s  f o r  system 
dc  needs d u r i n g  s t a r t s  and stops. I t  a l s o  conta ins  a b a t t e r y  charger and 
ac r e c t i f y i n g  c i r c u i t s  f o r  engine f 28v dc needs d u r i n g  normal operat ion.  

Two s t a t i c  i n v e r t e r s  a r e  used to  d r i v e  the 400 Her t z  heat  r e j e c t i o n  
system l i q u i d  coolant  pump motors. The i n v e r t e r s  a r e  powered by t h e  dc 
power supply. (See Figure 5.)  

Operat ion of  t h e  Brayton power system i s  performed remotely through 
the use of  an engine c o n t r o l  and mon i to r i ng  panel loca ted  i n  t h e  Space 
Power F a c i l i t y  t e s t  c o n t r o l  center .  The panel i s  connected by cables t o  
a s igna l  cond i t i one r  on t h e  engine, where s i g n a l s  from pressure,  temperature, 
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speed, f low, power, and o t h e r  sensors a r e  converted t o  0 - 5v dc s igna ls  
and transmi t t e d  t o  t h e  c o n t r o l  and mon i to r i ng  panel f o r  opera tor  i n f o r -  
mat ion and automat ic  c o n t r o l  func t ions .  Command and acknowledgement 
s igna ls  a l s o  pass through the  s igna l  cond i t ioner .  Power f o r  t h e  s igna l  
cond i t i one r  and c o n t r o l  panel i s  prov ided by t h e  dc power supply. Thus 
no f a c i l i t y  power i s  requ i red  t o  c o n t r o l  engine operat ion.  The ac tua l  
power requ i red  t o  opera te  a l l  t he  engine auxi 1 i a r i e s  a t  t he  minimum con- 
t r o l l e d  speed c o n d i t i o n  was measured t o  be 2.0 k i l o w a t t s .  A c a r e f u l  
system load ana lys i s  i nd i ca tes  t h a t  approx imate ly  600 wat ts  o f  t h i s  power 
was used because o f  the  p a r t i c u l a r  hardware tes ted  and was no t  t y p i c a l  
o f  the power a c t u a l l y  requi red.  A base a u x i l i a r y  load o f  1.4 k i l o w a t t s  
was used t o  determine the  est imated net  engine power ou tpu t  f o r  the  
system e f  f i c i ency de t  e r m  i na t i on. 

The c o n t r o l  system prov ides t h e  means f o r  per forming func t i ons  such 
as s t a r t u p  by gas i n j e c t i o n ,  shutdown, va l ve  opera t ion ,  gas loop inventory  
regu la t i on ,  coo lan t  loop  opera t ion ,  BRU bear ing  ex terna l  p ressu r i za t i on ,  
and s teady-s ta te  speed con t ro l .  I n  a d d i t i o n ,  t he  c o n t r o l  system prov ides 
p r o t e c t i o n  f o r  such th ings  as gas loop overpressure and overcurrents .  An 
emergency shutdown system i s  incorpora ted  which can be t r i g g e r e d  auto- 
ma t i ca l  l y  by BRU overspeed o r  manual l y  by the  operator .  

The e l e c t r i c  c o n t r o l  package, s igna l  cond i t i one r ,  dc power supply, 
i n v e r t e r s ,  and b a t t e r i e s  a re  mounted on f o u r  c o l d  p l a t e  heat  exchangers. 
Heat generated i n  these packages i s  t r a n s f e r r e d  t o  the  heat r e j e c t i o n  
system by c i r c u l a t i n g  i t s  f l u i d  through the  co ld  p la te .  

Heat r e j e c t i o n  system. - A s i l i c o n e  l i q u i d ,  Dow Corning 200 i s  
c i r c u l a t e d  through th ree  p a r a l l e l  paths ( f i g .  1)  t o  remove waste heat  
from the  BHXU waste heat exchanger, cool t he  a l t e r n a t o r  i n  t h e  BRU, and 
cool t he  e l e c t r i c  system packages mounted on c o l d  p la tes .  For added 
r e l i a b i l i t y ,  two i d e n t i c a l  c o o l i n g  loops a r e  ava i l ab le .  Dur ing normal 
opera t ion ,  one loop i s  a c t i v e  w h i l e  the o t h e r  i s  i n a c t i v e .  The pump and 
motor i n  each Poop are  const ructed as a sealed assembly. 

Test Support Equipment 

The Brayton engine was connected t o  t e s t  support  equipment t o  charge 
and recover engine gas, s imu la te  the  space r a d i a t o r ,  s imu la te  t h e  f l i g h t  
heat  source, and p rov ide  ins t rumenta t ion  t o  measure the  engine perform- 
ance. 

Gas charg ing and recovery. - The engine gas s to rage tank was charged 
Sui t a b l e  pumps from commercial s to rage b o t t l e s  o u t s i d e  t h e  t e s t  chamber. 

were prov ided t o  charge the  tank t o  2000 ps ia.  
engine was recovered i n  a low pressure tank and pumped back i n t o  the  
s to rage bo t  t 1 es f o r  re-use. 

The gas vented from the  



Radia tor  s imu la to r ,  - For t e s t  purposeso a r a d i a t o r  
exchanger was used i n  p lace  o f  an ac tua l  space r a d i a t o r .  
heat s i n k  noted cons is ted  of  a separate f a c i l i t y  loop o f  

s imu la to r  heat  
The f a c i  1 i t y  

Dow Corni ng 200 
s i 1  icone 1 i q u i d  c i r c u l a t e d  through the  r a d i a t o r ' s i m u l a t o r  heat  exchanger 
by a f a c i l i t y  pump and cooled by commercial r e f r i g e r a t i o n  equipment. A l l  
t he  components except the  r a d i a t o r  s imu la to r  heat  exchanger were mounted 
on t h e  engine frame, 
on t h e  r a i l r o a d  f l a t c a r  ad jacent  t o  t h e  engine. 

The r a d i a t o r  S imulator  heat  exchanger was loca ted  

E l e c t r i c  heat  source. - The e l e c t r i c  heat  source consis ted o f  a 
c e n t r a l  U-tube heat  exchanger r a d i a n t l y  heated by quar tz  lamps mounted 
i n  modules on both s ides of  t h e  heat  exchanger. 

Heat t rans fe r red  i n t o  the  working gas was con t ro l  l ed  by va ry ing  
power t o  the quar t z  lamps through a remote c o n t r o l  panel i n  t h e  con t ro l  
room. 

Veh ic le  load Simulator.  - An e l e c t r i c  l oad ing  dev ice capable of  
sw i t ch ing  i n  combinations o f  three-phase loads w i t h  u n i t y ,  lagging, o r  
lead ing  power f a c t o r  was used t o  e x t r a c t  power from t h e  power generat ion 
system. The power t o  the  v e h i c l e  load s imu la to r  was measured by a 
c a l i b r a t e d  H a l l  e f f e c t  wattmeter. For t h e  t e s t s  repor ted  here, o n l y  
u n i t y  power f a c t o r  loads were used. 

Inst rumentat ion.  - The ins t rumenta t ion  i n s t a l l e d  f o r  the  t e s t  was 
d i v i d e d  i n t o  two categor ies:  c o n t r o l  and development. Cont ro l  i n s t r u -  
menta t ion  consis ted o f  those measurements requi red f o r  the  c o n t r o l  
mon i to r ing ,  and opera t i on  o f  the power system. 

Development ins t rumenta t ion  consis ted o f  sensors i n s t a l l e d  i n  
a d d i t i o n  t o  t h e  c o n t r o l  sensors t o  determine o v e r a l l  system performance 
as w e l l  as gross component performance. 

The performance data presented i n  t h i s  repo r t  were ob ta i  ned through 
t h e  measurements 1 i s t e d  i n  t a b l e  1. A I  1 pressure measurements were made 
us ing  s t a t i c  pressure taps w i t h  s t r a i n  gage pressure t ransducers connected. 
To ta l  pressure probes and rakes were not  requ i red  due t o  the  low v e l o c i t i e s  
i n  t h e  gas loop. Temperature measurements were made us ing  e i t h e r  i ron- 
constantan o r  ehromel-Alumel thermocouples depending on the  l oca t i on .  
Both sur face  and stream (probe) types were used as required. L i q u i d  coo lan t  
f l o w  measurements i n  the heat r e j e c t i o n  system were made us ing tu rb ine -  
type flowmeters. 6as loop f l o w  was measured by a shor t ,  h igh  recovery 
Ventur i  ( D a l l  tube). 

The data were recorded us ing  the  f a c i l i t y  d i g i t a l  data a c q u i s i t i o n  
system. 
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fEST FACI b l  TY 

The t e s t  was conducted i n  the NASA Space Power F a c i l i t y  l oca ted  
near Sandusky, Ohio. The Space Power Faci 1 i t y  i s  one o f  several  t e s t  
f a c i l i t i e s  forming the Plum Brook S t a t i o n  o f  t he  NASA Lewis Research 
Center. A 100-foot diameter by 120-foot h i g h  aluminum vacuum chamber, 
w i t h i n  a concrete enclosure, i s  t h e  p r i n c i p l e  f e a t u r e  o f  t h i s  f a c i l i t y  
( f i g .  6). The concrete enclosure prov ides s h i e l d i n g  f o r  the conduct o f  
nuc lear  experiments as we1 1 as withstands t h e  m a j o r i t y  o f  t h e  atmospheric 
pressure d i f f e r e n t i a l  when the chamber i s  evacuated. Experiment access 
t o  t h e  chamber from t h e  adjacent assembly and disassembly areas i s  
provided by two 50- by 50-foot doors i n  t h e  chamber and enclosure, respec- 
t i v e l y .  

-6 Vacuum l e v e l s  i n  t h e  10 t o r r  range have been achieved s ince  the 
f a c i l  i t y  became opera t i ona l  i n  1969. 
located i n  the center  o f  t he  100-foot diameter chamber f o r  t e s t i n g .  A l l  
performance t e s t i n g  was conducted under vacuum c o n d i t i o n s  and represented 
the  f i r s t  ope ra t i ona l  t e s t  program o f  the f a c i l i t y  and the Brayton power 
sys tem 0 

The Brayton power system was 

PROCEDURE 

The o p e r a t i n g  procedures used du r ing  t h i s  i n v e s t i g a t i o n  were estab- 
l i s h e d  to p rov ide  f o r  semi-automatic s t a r t i n g  and shutdown o f  t h e  engine 
i n  an e f f o r t  t o  s imu la te  t h e  mode o f  ope ra t i on  expected i n  a f l i g h t  
a p p l i c a t i o n .  I n  a d d i t i o n ,  several  automat ic  func t i ons  were incorporated 
i n  the  engine c o n t r o l  system t o  p r o t e c t  t he  engine from p o t e n t i a l l y  
dangerous cond i t i ons  d u r i n g  s teady-state operat ion.  

S t a r t i n g  

P r i o r  t o  a c t u a l  engine s t a r t u p ,  the gas b o t t l e  i n  the gas management 
system was charged t o  2000 ps ia  w i t h  k ryp ton  gas and the  engine was evac- 
uated t o  a pressure o f  about 1 psia.  The f a c i l i t y  r e f r i g e r a t i o n  equipment 
was turned on t o  p rov ide  c o o l i n g  o f  the Dow Corning 200 coo lan t  i n  the  
r a d i a t o r  s imulator .  Next, t he  engine c o o l i n g  loop was s ta r ted .  The f l o w  
ra tes  i n  t h e  var ious p a r t s  o f  t he  engine cool i n g  system were preset  t o  
design values. The e l e c t r i c  heat source was preheated t o  an average tube 
temperature of 1500° F. 
s ta r tup .  

A t  t h i s  p o i n t ,  t h e  engine was ready f o r  ac tua l  

The sequence was i n i t i a t e d  by supply ing ex te rna l  p r e s s u r i z a t i o n  gas 
t o  t h e  gas l u b r i c a t e d  bear ings o f  the BRU t o  l i f t  or  ' ' f l o a t * '  t h e  bear ing 
shoes away from the  s h a f t .  
w i t h i n  the bear ings normal ly caused backward r o t a t i o n .  An i n d i c a t i o n  o f  

With the  s h a f t  'Tf loating", the f l o w  o f  gas 



some (about 200 rpm) r o t a t i o n  confirmed t o  t h e  operator  t h a t  t h e  s h a f t  
was f r e e  and he could proceed w i t h  the  s ta r tup .  On command from the 
operator ,  t he  check v a l v e  ( f i g .  1 )  was closed and the  i n j e c t i o n  v a l v e  
(GMS) was opened. The i n j e c t i o n  gas f lowed through the engine and was 
discharged through the  open ven t  v a l v e  (GMS) , thus opera t i  ng the  engine 
i n  an open loop mode. Dur ing the  i n j e c t i o n  phase o f  t he  s t a r t u p ,  t h e  
vent v a l v e  f l o w  remained choked t o  s imu la te  a s t a r t u p  i n  space. A t  a 
preset  engine speed (22 000 rpm), t he  i n j e c t i o n  and t h e  vent valves were 
c losed a u t o m a t i c a l l y  and the check v a l v e  was al lowed t o  open. A t  t h i s  
p o i n t  (about 15 sec a f t e r  s t a r t  o f  i n j e c t i o n ) ,  t he  engine was a b l e  t o  
a c c e l e r a t e  i t s e l f  t o  a ra ted  speed o f  36 000 rpm. The t ime h i s t o r y  o f  
engine speed i s  dependent upon many f a c t o r s  i n c l u d i n g  the  speed s e l e c t -  
ed f o r  i n j e c t i o n  c u t o f f ,  the i n i t i a l  temperature o f  t h e  heat source, 
and the  coolant  temperature. Pn p r a c t i c e ,  t he  engine speed decreased 
momentari ly f o l l o w i n g  i n j e c t i o n  c u t o f f  and then increased t o  ra ted  speed. 
When t h e  engine reached ra ted  speed, the engine-mounted speed c o n t r o l  
a p p l i e d  a p a r a s i t i c  load t o  the  a l t e r n a t o r  p reven t ing  a n  overspeed condi- 
t i o n  i n  the Brayton r o t a t i n g  u n i t .  E x c i t a t i o n  f o r  the an te rna to r  was 
suppl ied from the  on-board power throughout t h e  s ta r tup .  The engine 
c o n t r o l  system a u t o m a t i c a l l y  ad jus ted  the q u a n t i t y  o f  gas i n  t h e  engine 
t o  a des i red  va lue  o f  compressor d ischarge pressure. 
s t a r t u p  was completed, the ex te rna l  p r e s s u r i z a t i o n  gas supply t o  the  
bear ings was turned o f f  on command from the  opespatoe and the  gas bear ings 
operated i n  a hydrodynamic mode. Th is  o p e r a t i o n  was performed s imu l ta -  
neously on the j o u r n a l  and t h r u s t  bear ings. 

S h o r t l y  a f t e r  

Shutdown 

The shutdown procedure was i n i t i a t e d  by s imply  t u r n i n g  o f f  t h e  
e l e c t r i c  heat source. When a p rese t  t u r b i n e  i n l e t  temperature o f  1100 6: 
was reached, the ex te rna l  p r e s s u r i z a t i o n  gas was sasppl i ed  a u t o m a t i c a l l y  
t o  the  bearings. Six k i l o w a t t s  o f  p a r a s i t i c  load was a p p l i e d  on command 
from t h e  operator  when engine speed s t a r t e d  t o  decrease. T h i s  was done 
t o  reduce the coastdown t ime. A t  about 5 rpmp t h e  ex te rna l  pressur-iza- 
t i o n  gas t o  the  bear ings was turned o f f  and r o t a t i o n  stopped. bo l l ow ing  
the  a c t u a l  shutdown o f  the gas loop r o t a t i n g  equipment (BRU), t he  heat 
r e j e c t i o n  systems remained o p e r a t i n g  u n t l  1 a ] %  engine components were 
cool and the engine gas was vented. 

Steady-State 

The engine was operated f o r  a t o t a l  o f  584 hours. T h i s  running 
t ime was accumulated i n  3 per iods o f  92, 92, and 400 hours du ra t i on .  
Data a r e  presented f o r  a range o f  t u r b i n e  i n l e t  temperatures from 8250 
t o  1450 
and a range o f  compressor i n l e t  temperatures from 42' t o  95 
engine was al lowed t o  s t a b i l i z e  f o r  a t  l e a s t  one hour a t  each cond i t i on .  

0 F, a range o f  compressor d ischarge pressures from 5 5  t o  &% ps ia ,  
F. The 
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The symbols used i n  t h i s  r e p o r t  a r e  de f i ned  i n  Appendix A and 
the  methods o f  c a l c u l a t i o n  used i n  t h e  data a n a l y s i s  a r e  presented 
i n Appendix B. 

RESULTS AND DISCUSSION 

Opera t i ng H i s t o  r y  

The Brayton engine was operated i n  a vacuum f o r  584 hours us ing 
k ryp ton  gas as t h e  working f l u i d .  
t u r b i  ne i n l e t  temperature, cornpressor d ischarge pressure, compressor 
i n l e t  temperature, and gross a l t e r n a t o r  ou tpu t  power i s  presented I n  
f i g u r e  7. 
400 hours each. Dur ing the runs, two in te rmed ia te  shutdowns occurred 
so t h a t  problems w i t h  t e s t  support  equipment could be corrected. 
a t o t a l  o f  5 s t a r t s  and shutdowns were accumulated. Each o f  these 
s t a r t s  and stops were performed as o u t l i n e d  i n  PROCEDURE. The major 
p o r t i o n  o f  tbe runni ngot ime was conducted a t  t u r b i n e  i n l e t  temperatures 
between 1300 and 1400 F w i t h  compressor d ischarge pressures between 
25 and 30 ps ia  and a compressor i n l e t  temperature o f  80 A1 though 
these cond i t i  ons a r e  o f f  des i gn cond i t ions, they a r e  w i  t h i  n the  range 
o f  cond i t i ons  f o r  which the  engine might  be expected t o  be used. The 
h ighes t  power ou tpu t  from t h e  engin8 was achieved f o r  a s h o r t  t ime a t  
a t u r b i n e  i n l e t  temperature o f  1400 
sure o f  44 psia.  A t  t h i s  c o n d i t i o n  (224 hours, f i g .  7) ,  t he  engine 
produced 9.2 k i l o w a t t s  gross a l t e r n a t o r  power (7.8 kW est imated net 
eng i ne power). 

An approximate t ime h i s t o r y  o f  

The 584 hours were obta ined d u r i n g  3 runs o f  92, 92, and 

Thus 

F. 

F w i t h  a compressor discharge pres- 

The r e s u l t s  o f  t h i s  f i r s t  phase o f  engine o p e r a t i o n  have been 
encouraging. The r o t a t i n g  machinery was operated w i thou t  ex te rna l  
p r e s s u r i z a t i o n  gas t o  the  bear ings except d u r i n g  s t a r t i n g  and stoppi  ng. 
The recuperator  and waste heat exchanger performed as expected. The 
gas management system was a b l e  t o  supply gas t o  the bear ings and t h e  
i n j e c t i o n  f l o w  requ i red  d u r i n g  s t a r t i n g .  The heat r e j e c t i o n  system 
performed as expected. The engine c o n t r o l  system was a b l e  t o  s t a r t ,  
stop, and mon i to r  the engine o p e r a t i o n  w i t h o u t  any major d i f f i c u l t i e s .  
The engine was operated on i n t e r n a l  power d u r i n g  the t e s t ;  but ,  f o r  
t he  purpose o f  these t e s t s ,  a f a c i l i t y  power supply was connected t o  
the  dc bus i n  o r d e r  t o  insure t h a t  nea r l y  zero c u r r e n t  would f l o w  
between t h e  on-board power supply and the b a t t e r i e s .  
b a t t e r i e s  t o  be " f l oa ted"  on the bus t o  p r o t e c t  t h e  engine from a power 
f a i  l u r e .  

This  a l lowed t h e  
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Engine Performance 

There a r e  t h r e e  independent v a r i a b l e s  a f f e c t i n g  t h e  performance 
of t he  Brayton engine: 
pressure, and compressor i n l e t  t m p e r a t u r e .  Several excursions o f  these 
v a r i a b l e s  were made t o  map the  performance o f  t h e  engine using k ryp ton  
gas as t h e  working f l u i d .  

t u r b i  ne i n l e t  t m p e r a t u r e ,  compressor d ischarge 

. - The e f f e c t  o f  compressor 

These data were obta ined w i t h  a t u r b i n a  i n l e t  tempera- 
d ischarge pressure on t h e  performance o f  t h e  engine i s  presented i n  
f i g u r e s  8 t o  12. 
t u r e  of 1400' F and a compressor i r r l e t  temperature o f  80 F. 

The compressor pressure r a t i o  ( f i g .  8) i s  a s i g n i f i c a n t  parameter 
i n  determin ing the opera t i on  o f  t he  engine. 
i n d i c a t e  t h a t  the compressor pressure r a t i o  was n e a r l y  constant ( 1  .go 
t o  1.89) over the  range o f  compressQr o u t l e t  pressures i n v e s t i  a t e  
Since t h e  compressor operated a t  a constant, aerodynamic speed (&)and 
a near l y  constant pressure r a t i o ,  t h e  aerodynamic gas f l o w  r a t e  

The data of f i g u r e  8 

W G ~  would a l s o  be expected t o  be constant. (-4 6 The pr imary e f f e c t  o f  changing compressor d ischarge pressure then 

i s  t o  change the  compressor i n l e t  pressure which i n  t u r n  changes t h e  
ac tua l  gas f l o w  r a t e  through the  engine. The measured gas f l o w  r a t e  
i s  presented i n  f i g u r e  8 as a f u n c t i o n  o f  ccmpressor d ischarge pressure. 
As compre$sor d ischarge pressure increased from 25 t o  44 psia,  t h e  gas 
f l o w  r a t e  increased from 0.8 pound pe r  second t o  1.34 pounds pe r  second. 

The pressures measured a t  va r ious  s t a t i o n s  a r e  presented i n  f i g u r e  
9 as funct ions o f  compressor d ischarge pressure. The pressures w i t h i n  
t h e  engine were observed to i ncrease 1 i near l y  w i t h  compressor d ischarge 
pres su re. 

The pressure losses i n  t h e  h o t  and co ld  s ides o f  t h e  recuperator 
The were approximately 0.4 p s i a  on each s i d e  over  the  range o f  data. 

pressure loss i n  t he  gas s i d e  o f  t he  waste heat  exchanger was a l s o  
0.4 psia.  The pressure loss i n  the  heat source ( recuperator  c o l d  s i d e  
o u t l e t  t o  t u r b i n e  i n l e t )  increased from 1.2 ps i  t o  1.8 ps i  over  t h e  
range invest igated.  The t u r b i n e  pressure drop increased from 10.8 t o  
17.8 p s i  as compressor d ischarge pressure increased from 25 t o  44 psia.  
A1 though the  pressure drop across t h e  t u r b i n e  i ncreased, t h e  t u r b i n e  
pressure r a t i o  ( f i g .  8) remai ned n e a r l y  constant as compressor discharge 
pressure was increased, This  behavior would be expected s ince  t h e  
compressor pressure r a t i o  was near l y  constant and the pressure drops 
i n  the  heat  t r a n s f e r  components o f  t h e  engine were very small. 

The temperatures a t  va r ious  s t a t i o n s  i n  t h e  engine a r e  shown i n  
f i g u r e  10 as func t i ons  o f  compressor d ischarge pressure. Turbi  ne 
i n l e t  and compressor i n l e t  temperatures a r e  independent va r iab les .  At 
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1070° F; t he  recuperator  c o l d  s i d e  o u t l e t  temperatuse was 995 F; and 
t h e  recuperator  co ld  s i d e  i n l e t  temperature was 285 
t h a t  t h e  t u r b i n e  and compressor o u t l e t  temperatures were found t o  be 
constant over t h e  range inves t i ga ted  i s  no t  s u r p r i s i n g  because t h e  
cornpressor and t u r b i n e  operate a t  constant pressure r a t i o s  and speeds. 

F and 80 F, r e s p e c t i v e l y ,  t he  t u r b i n e  o u t l e t  temperatuse was 

F. The f a c t  

The powers developed and heat  t r a n s f e r r e d  i n  t h e  engine a r e  
presented i n  f i g u r e  1 1 .  Because o f  the increase i n  gas f l o w  r a t e  
w i t h  i nc reas ing  compressor d ischarge pressure mentioned p rev ious l y ,  
t he  va r ious  heat f l o w  rates,  component powers, and gross a l t e r n a t o r  
power increased. 
example, the heat  added t o  t h e  gas by the  heat  source was 35 k i l o w a t t s  
and t h e  heat r e j e c t e d  i n  the  waste heat exchanger was 23 k i l o w a t t s .  
The d i f f e r e n c e  between heat added and heat r e j e c t e d  (12 kW) should 
equal t he  a l t e r n a t o r  gross power ou tpu t  (9.2 kW) p lus  t h e  heat losses 
from t h e  engine. The engine heat losses c o n s i s t  o f  t h e  heat lost  
from the a l t e r n a t o r  and the heat l o s t  from the  su r face  o f  the engine 
by r a d i a t i o n .  The heat loss measured from the a l t e r n a t o r  c o o l i n g  
system was found t o  be 2 k i l o w a t t s  a t  a cornpressor discharge pressure 
o f  44 ps ia.  Thus the apparent heat  loss by r a d i a t i o n  from t h e  engine 
components was o n l y  about 1 k i l o w a t t .  A t  t h e  same condi t i o n ,  t he  ac tua l  
t u r b i n e  power was 28 k i l o w a t t s  and t h e  compressor power was 17 k i l o w a t t s  
which leaves 1 1  k i l o w a t t s  f o r  t he  gross a l t e r n a t o r  ou tpu t  and the  Bosses 
from t h e  a l t e r n a t o r .  The measured gross a l t e r n a t o r  power was 9.2 k i  Bo- 
watts ;  t he  est imated net  engine power ou tpu t  was 7.8 k i l o w a t t s ;  and t h e  
heat added t o  the  a l t e r n a t o r  coolant  was 2 k i l o w a t t s .  I t  i s  i n t e r e s t i n g  
t o  no te  t h a t  t h e  heat t r a n s f e r r e d  i n  the  recuperator  was 59 k i l o w a t t s  
a t  a compressor discharge pressure o f  44 psia.  This  amounts t o  about 
60 percent o f  the t o t a l  heat added t o  the gas by the  recuperator  and 
e l e c t r i c  heat source. 

A t  a compressor d ischarge pressure o f  44 ps ia ,  f o r  

The e f f i c i e n c i e s  o f  the va r ious  components o f  t h e  engine, gross 
engine e f f i c i e n c y ,  and est imated ne t  engine e f f i c i e n c y  a r e  presented i n  
f i g u r e  12. The e f f i c i e n c i e s  were found t o  be r e l a t i v e l y  constant over 
the  range o f  t h e  data, The compressor e f f i c i e n c y  was 77 percent;  the 
t u r b i n e  e f f i c i e n c y  was 90 percent;  and t h e  recuperator  e f fec t i veness  
was approximately 90 percent. A h ighe r  recuperator  e f fec t i veness  would 
be expected when t h e  des ign m i x t u r e  o f  he l ium and xenon gases i s  used 
i nstead o f  the k ryp ton  gas used f o r  t h i s  i nvest i g a t i o n  because o f  t h e  
h ighe r  thermal c o n d u c t i v i t y  o f  the des ign mixture.  The gross engine 
e f f i c i e n c y  was found t o  be 26 percent,  w h i l e  t h e  estimated ne t  engine 
e f f i c i e n c y  was 22 percent. 

E f f e c t  o f  t u r b i n e  i n l e t  temperature. - The e f f e c t  o f  t u r b i n e  i n l e t  
temperature on t h e  gross a l t e r n a t o r  power, est imated ne t  engine power, 
gross engine e f f i c i e n c y ,  and est imated ne t  engine e f f i c i e n c y  i s  presented 
i n  f i g u r e  13. These data were obta ined a t  a compressor d ischarge pres- 
su re  o f  29.5 p s i a  and a compressor i n l e t  temperature o f  80 F. Gross 0 
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a l t e r n a t o r  power increased from 4 k i  l owa t t s  t o  5.6,ki l owa t t s  as t u r b i n e  
i n l e t  temperature was increased from 1225' t o  1400 The gross engine 
e f f i c i e n c y  increased from 21 t o  25 percent  and the  est imated ne t  engine 
e f f i c i e n c y  increased from 33 t o  19 percent due t o  the increase i n  engine 
temperature r a t i o .  

F. 

E f f e c t  o f  compressor i n l e t  temperature. - The e f f e c t  o f  compressor 
i n l e t  temperature on the gross a l t e r n a t o r  power, est imated ne t  engine 
power, gross engine e f f i c i e n c y ,  and est imated n e t  engine e f f i c i e n c y  i s  
presented i n  f i g u r e  14. These data were obta ined a t  a compressor d i a -  
charge pressure o f  24.8 ps ia  and a t u r b i n e  i n l e t  temperature o f  1290 
The gross a l t e r n a t o r  power decreased from 5 k i l o w a t t s  t o  3.1 k i l o w a t t s  
as the compressor i n l e t  temperature was increased from 42' t o  95O F. 
For the  same range o f  data, t he  gross engine e f f i c i e n c y  decreased from 
25 percent  t o  19 percent and the est imated net  engine e f f i c i e n c y  decreased 
from 18 percent t o  10.4 percent. 
f i c i e n c i e s  r e s u l t  from lower compressor i n l e t  temperatures, s i g n i f i c a n t  
increases i n  r a d i a t o r  area would be requi red f o r  a f l i g h t  a p p l i c a t i o n .  

F. 

Although more power and h ighe r  e f -  

SUMMARY OF RESULTS 

A Brayton power system has been operated i n  a vacuum envi  ronment 
f o r  584 hours us ing  k ryp ton  gas as the  working f l u i d .  
o p e r a t i o n  was conducted a t  t u r b i n e  i n l e t  temperatures between 1300' 
and l 4 O O 0  F, compressor discharge pressures between 25 and 30 ps ia,  
and a compressor i n l e t  temperature o f  80° F. 

Most o f  the 

With the except ion o f  the heat  source and the heat s i n k  (no 
r a d i a t o r  was used), most engine components represented f l  i ght - type 
hardware. There were no working f l u i d  leaks i n  e i t h e r  the engine gas 
loop o r  t he  l i q u i d  c o o l i n g  loop and there was s u f f i c i e n t  heat t r a n s f e r  
( r a d i a t i o n  and conduction) t o  m a i n t a i n  a s a t i s f a c t o r y  o p e r a t i n g  tempera- 
t u r e  f o r  temperature-sensi t ive engine equipment w h i l e  running i n  the  
vacuum envi ronment. No major d i f f i c u l t i e s  w i t h  t h e  engine hardware 
were encountered. 

The engine produced 9.2 k i l o w a t t s  gross a1 t e r n a t o r  power (7.8 kW 
est imated net engine power), an est imated net  engine e f f i c i e n c y  o f  22 
percent,  and a gross enaine e f f i c i e n c y  o f  26 percent a t  a t u r b i n e  i n -  
l e t  temperature of  1400 
and a compressor i n l e t  temperature o f  80 

F, a compressor,discharge pressure o f  44 ps ia,  
F. 
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APPENDIX A 

SYMBOLS 

area,  f t 2  

speed of sound i n  the gas based on s t a t i c  temperature 

discharge coefficient for Dall t u b e  

constant pressure specif ic  heat, B t u / l b  mass R 

pressure d i f fe ren t ia l ,  i n .  of water 

a Mach number 

s p e e d ,  rpm 

s t a t i c  pressure, 1 b force/i n.  

power , kW 

tota 1 pressure, 1 b force/i n. 

thermal power, kW 

gas constant, ( f t ) ( l b  force)/' R ( l b  mass) 

temperature, R 

gas velocity, f t /sec 

coolant flow, I b  rnass/sec 

gas loop flow rate,  l b  mass/5ec 

r a t io  of specif ic  heats 

d i f ference opera tor 

pressure correction to standard conditions 

heat transfer 

efficiency 

temperature correction to  standard conditions 

0 

2 

2 

0 

dens i t y  1 b rnass/f t' 

7o percent 
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Subscr ip ts :  

a 

AD 

C 

C 

G 

GR 

n 

r 

t 

W 

1 

2 

4 

5 

6 

10 

1 1  

12 

37 

38 

41 

42 

a1 t e r n a t o r  

added 

corn p res so r 

cool  an t  

gas 

gross 

ne t  

recupera t o r  

t u r b i  ne 

waste 

compressor i n l e t  c o n d i t i o n  

compressor o u t l e t  c o n d i t i o n  

recuperator  co ld  s i d e  i n l e t  c o n d i t i o n  

recuperator  c o l d  s i d e  o u t l e t  c o n d i t i o n  

Da 1 1 tube 

t u r b i n e  i n l e t  c o n d i t i o n  

t u r b i n e  o u t l e t  c o n d i t i o n  

h o t  s i d e  recuperator i n l e t  cond t i o n  

waste heat exchanger coolant  i n  e t  c o n d i t i o n  

waste heat exchanger coolant  o u t l e t  c o n d i t i o n  

a1 t e r n a t o r  coo lan t  i n l e t  c o n d i t i o n  

a l t e r n a t o r  coolant  o u t l e t  c o n d i t i o n  



APPENDIX B 

METHODS QF CALCULATION 

The following equations and def ini t ions,  along w i t h  t h e  ideal gas  
relationships, were used to calculate the performance of the engine frQm 
the measured data. 

The gas mass flow rate  was calculated by using t h e  following 
equa t i on: 

WG = Y .5318(CD) (P5 - 0.009595 hw9 (0.9905851+1 .go839 T5 lom5) 

where 

During the calibration of the Dall tube, the discharge coefficient 
was obtained as a function of the gas Reynolds number. For a f i r s t  
attempt to calculate the flow rate ,  a Reynolds number and discharge 
coefficient were assumed. Then w i t h  th i s  calculated flow rate ,  a check 
s f  the assumed Reynolds number was made and i f the two disagreed, another 
Reynolds number was assumed and the same process was repeated. When the 
difference between the assumed Reynolds number and  the calculated Reynolds 
number was less t h a n  1 percent, the flow rate  value was w i t h i n  the accuracy 
of t h e  measurements used to  obtain i t .  

Total to s t a t i c  pressure rat io  was calculated as follows: 

where 

9 Y 

The difference between t o t a l  and s t a t i c  temperature i s  neglected 
i n  equations (53) and  (54) because i t  was.found to  be very small. 



16 

Total pressure was calculated as follows: 

P '  =(;) P 

where p i s  measured 

Actual turbine power was calculated as follows: 

T h e  turbine efficiency was calculated as the rat io  of actual 
turbine power to  i d e a l  turbine power. 

Actual compressor power was calculated as follows: 

The ideal compressor Dower based on inlet  and  out le t  total  
pressures was calculated ab follows: 

Ideal Pc = T I W G C ? ~  I?) ' -=I (1.055) 

The  cornpressor efficiency was calculated a s  the ra t io  o f  ideal 
compressor power to actual compressor power. 

T h e  recuperator effectiveness was calculated as follows: 

- - '5 '4 

%2- %4 
r Cold Side 



'Thermal power t r a n s f e r r e d  from t h e  c o l d  s i d e  o f  t h e  recuperator  
was ca l cu la ted  as  fo l lows:  

A1 t e r n a t o r  cool i ng was ca l cu la ted  as f o l  lows: 

Qa = W C (T42 - T41)(1.055) ( B W  
'a "C 

where We was measured w i t h  a t u r b i n e  type flowmeter 
a 

Thermal power t r a n s f e r r e d  t o  t h e  gas from recuperator  o u t l e t  
t o  t u r b i n e  i n l e t  was ca l cu la ted  as  fo l lows:  

= W C (Tlo - T i )  (1.055) 
QAD 'G 

The est imated ne t  engine ou tpu t  power was ca l cu la ted  as fo l l ows :  

- 1.4 kW (B14) 
'aGR 

Pn = 

where 1.4 kW represents the  est imated engine i n t e r n a l  
power requi  rement 

The gross engine e f f i c i e n c y  was ca l cu la ted  as fo l lows:  

'The est imated net  engine e f f i c i e n c y  was ca l cu la ted  as fo l lows:  

The thermal power re jec ted  from the  engine i n  t h e  l i q u i d  s i d e  
waste heat  exchanger was ca l cu la ted  as  fo l lows:  

Q W 
= %CpC(38T 9 37T) ( 1  
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Brayton r o t a t i n g  uni t  

Brayton heat exchanger uni t  

Figure 3 - Brayton Rotating Unit (BRU) and 
Brayton Heat Exchanger Unit (BHXU) 
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Figure 4 ,Brayton gas management system. 
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